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Abstract 
In this work, rotors with artificial iced shapes are studied to develop insight in the potential of acoustics-based ice 
detection. Using the Helicopter Multi-Block CFD solver, approximate iced shapes are added to the blades and the 
results are analyzed using the FW-H method. Several candidate monitoring positions are assessed for acoustic 
sensors to be placed on the helicopter fuselage. The influence of ice on the aero-acoustic characteristics of a 
rotor is calculated, and parameters such as the ice amount and the icing position on the blade are quantified. It is 
concluded that an array of microphones is best for detecting potential icing position on the blades, and it should 
be located on top of the helicopter rear fuselage and along the tail-boom. 
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Introduction 
Helicopter blade icing can be a serious threat to flight safety
1
 since it modifies the aerodynamic shape of 
the rotor blades and degrades its aerodynamic performance
2,3
. At present, there are two main approaches 
to deal with icing
4
. First, pilots are given weather information and try to avoid potential icing conditions. 
Second, aircraft are thoroughly deiced before take-off and then operate ice protection systems (IPS) for 
in-flight ice removal. At present, only 5% of the US rotorcrafts are equipped with an IPS
5
. For aircraft 
without IPS, the general rule is to avoid flying in icing conditions. Compared to fixed-wing aircraft, 
helicopter icing is not well understood due to complexities in the 3-D rotor flow environment with 
inherent unsteady flow, rotational movement of rotor and strong centrifugal forces on the blades
6,7
. The 
best way to deal with icing is early detection since pilots can make use of the IPS or change their flight 
plan to avoid flying within icing conditions. For the above reasons, ice detection has become critically 
important for helicopter safety and efficiency.  
Many sensors using different technologies have so far been developed to detect ice formation on aircraft 
surfaces
8,9
. An ice detection system consists of a resonant piezoelectric sensing-element and a 
microprocessor controller, and it can sense ice and water films up to 0.5 mm thick
10
. 
Another approach investigated, was based on scatter of light in the iced volume
11
. All these sensors 
are difficult to deploy due to the limited space inside blades
12
. In addition, due to the complex motion of 
rotors, such as rotor flapping, regular ice detection methods like infrared detectors
13
 are also difficult to 
implement on rotors. 
According to previous studies
14,15
, the change of the flow behavior and blade shape by ice accretion 
is likely to affect the helicopter main rotor noise. Cheng’s studies16 also show that rotor noise can be 
used to detect the formation of ice at the early stage of ice accretion. Anyway, there are few other 
studies of helicopter noise during ice accretion found in the open literature. A noise monitor, such as a 
microphone array, which does not have to be mounted on the rotor, is easier to deploy on helicopter 
fuselage, and there is no need for rotor blade modifications. In addition, several works have already been 
published on the aero-acoustic characteristics on rotors
17,18
. These developments make the ice detection 
by rotor aero-acoustic characteristics possible.  
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Based on the Helicopter Multi-Block (HMB) CFD code
19
, the objective of the present work is to 
analyze the variation of aero-acoustic characteristics of iced rotors, and identify microphone positions 
that are suitable for detecting ice accretion. First, comparisons are presented against available test data in 
the open literature, then the hover acoustics of rotors with different ice amounts and with ice at different 
positions along the blade are investigated. The effect of icing in forward flight is then analyzed. The 
sensitivity of the acoustic characteristics to ice accretion is finally considered, and microphone positions 
are suggested for possible installation on a helicopter as part of an ice detection system.  
Helicopter multi-block CFD solver 
The HMB solver was employed in this work. HMB solves the unsteady Reynolds-averaged Navier-
Stokes equations on block-structured grids using a cell centered finite-volume method for spatial 
discretization. Implicit time integration is employed, and the resulting linear system of equations is 
solved using a pre-conditioned Generalized Conjugate Gradient method. For unsteady simulations, an 
implicit dual time stepping method is used. The method has been validated for a wide range of aerospace 
applications and has demonstrated good accuracy and efficiency for very demanding flows20.  
Aerodynamic and acoustic method 
Based on the CFD air loads obtained by the HMB solver, the Ffowcs-Williams Hawkings (FWH) 
method is used for calculating the aero-acoustic characteristic of clean and iced rotors
21
. The FWH 
theory is derived by combining the equations of mass and momentum conservation for compressible 
fluids, to obtain an inhomogeneous wave equation. This equation governs the generation and 
propagation of sound waves in a volume outside any closed surface. The Farassat 1A equation to be 
solved for the FWH is as follows 
𝑝 𝐱, 𝑡 =  𝑝𝑇 𝐱, 𝑡 + 𝑝𝐿 𝐱, 𝑡 ,      (1) 
 where 𝑝𝑇
′  𝑥, 𝑡  and 𝑝𝐿
′  𝑥, 𝑡  are the thickness and load noise respectively. For an arbitrary rotor-
observer distance the thickness and load noise components can be written as 
4𝜋𝑝𝑇 𝐱, 𝑡 =   
𝜌0𝑣𝑛  𝑟M 𝑟+𝑐0 M𝑟−M
2  
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3  
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   (2) 
and 
4𝜋𝑝𝐿 𝐱, 𝑡 =   
𝑙  𝑖𝑟 𝑖
𝑟 1 –M𝑟 
2 
𝑟𝑒𝑡
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+
1
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     (3) 
Here t is observer time; 𝑐0 is the speed of sound; 𝜌0 is the air density; 𝑣𝑛  is the normal velocity of the 
surface; M  is the local rotational Mach number; Mr=M𝑖𝑟 𝑖  is the Mach number of source in radiation 
direction; r = |x–y| is the distance between observer and source, x is the observer position vector, and y 
is the source position vector. The above expressions also include 𝑙𝑟 = 𝑙𝑖𝑟𝑖 , with 𝑙𝑖  force/unit area on the 
medium, and the radiation direction 𝐫   at the time of emission. A dot over variables is used as a symbol 
of differentiation with respect to the time of the emission source. The subscript ret stands for the 
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retarded time with the integration evaluated over the emission surface 𝑓 = 0. For the FW-H equation 
numerical (CFD) simulation results are used for the acoustic pressure (p) at source. This formulation is 
used in the current work to estimate the Effective Sound Pressure (ESP) at different positions. 
Calculated results and analyses  
Aerodynamic characteristics of the NACA23012 airfoil with and without ice 
The experimental data for an iced NACA23012 airfoil, obtained at the NASA Langley Low Turbulence 
Pressurized Tunnel (LTPT) is selected to validate the accuracy of the numerical method. The LTPT 
measurements
22
 were at a Mach number of 0.208 and at a Reynolds number of approximately 2×105.  
Figure 1 shows a detailed view of the ice shape and the modified NACA23012 section. The ice 
amount is very small, and the radius of the ice is only 0.0139c.  
 
Figure 1. Detailed view of the ice shape and the modified NACA23012 section. 
Figure 2 shows the aerodynamic characteristics of the NACA23012 with and without ice. The 
comparisons of the lift and drag coefficients (CL and CD) with experimental data show fair agreement 
(except near stall where the steady-state flow assumption). When ice forms on the airfoil, the lift force 
decreases, and the drag force increases. 
 
0.0 0.2 0.4 0.6 0.8 1.0
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
 
 
Y
/c
X/c
 
  
 
x=0.1c
r=0.0139c
Detailed View
Angle=90°
NACA23012
 
4 
 
(a) CL      (b) CD 
Figure 2. Lift (a) and drag (b) coefficients vs the angle of attack for the NACA 23012 airfoil with and without ice. 
Figure 3 shows pressure coefficient (Cp) distributions on the airfoil surface with and without ice, at 
0° of the angle of attack. As shown, the calculated results are in good agreement with LTPT data, 
indicating that the present CFD solver is reliable for simulating the aerodynamic characteristics of the 
iced airfoils. 
 
Figure 3. Pressure coefficient distributions of NACA 23012 airfoil with and without ice. 
Acoustic characteristics of rotors in hover with and without ice 
The Caradonna-Tung (C-T) rotor is selected to analyze the variation of acoustic characteristics of iced 
rotors in hover. The C-T rotor has two rectangular blades with a conventional NACA 0012 airfoil. For 
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the iced rotor, the icing positions were from 0.6R to 0.9R along the blade. Figure 4 shows the icing 
position on the C-T rotor and sectional ice shapes. 
 
Figure 4. Icing position on the C-T rotor and sectional ice shape. 
Clean and iced cases for this rotor at Mtip=0.794 and at Re=3.48×10
6 
were calculated. Table 1 shows 
the variation of the aerodynamic performance of the rotor in hover with and without ice at a collective 
pitch of 8°.  
 
Table 1. Variation of aerodynamic performances (CT  the rotor rust coefficient, CQ  is the rotor torque coefficient, 
and FM is the Figure of Merit)  of rotor in hover with and without ice. 
Aerodynamic characteristics 𝑪𝑻 𝑪𝑸 FM 
Clean Rotor 1.10×10-2 1.17×10-3 0.492 
Iced Rotor 0.61×10-2 1.54×10-3 0.156 
Variation -44.1% +31.5% -68.2% 
In addition, Figure 5 presents the comparison of the sectional pressure distribution of the clean C-T 
rotor with experiment data. As can be seen, the numerical results are in a good agreement with 
experiments 
23
. 
 
Figure 5. Comparison of the sectional pressure distribution of clean C-T rotor with experiment data. 
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Figure of Merit (FM). This is not only qualifying the strong influence of ice on the rotor aerodynamic 
performance, but also the importance of ice detection on rotor blades. Given that most of the 
aerodynamic thrust is produced outboards on the blade, the selected location for the ice is expected to 
has a strong influence on its performance. 
Some monitoring points placed relative to the blade for ice detection are shown in Figure 6. 
Considering the installation of acoustic monitors on the fuselage, all monitors are below the rotating 
plate, and their location is defined by the polar coordinates (r, z).  
 
Figure 6. Positions of acoustics monitors relative to the blade. 
Figure 7 shows the Effective Sound Pressure (ESP) at different monitor positions, between clean and 
iced rotors. There are significant differences in the obtained acoustics. This is because the lift force of 
the iced rotor drops. On the 𝑧 = −0.25𝑅  plane, the ESP of the iced rotor first increases and then 
decreases compared to the clean rotor near the blade root. On the 𝑧 = −0.5𝑅 plane, the ESP of the iced 
rotor decreases compared with the clean rotor. In general, for small ice pieces the emitted blade noise 
level is proportional to the blade load (also see Figure 10); further decrease of lift leads to lower ESP 
values. 
 
(a)        (b)  
Figure 7. ESP at different monitor positions for clean and iced rotors: (a) z=-0.25R; (b) z=-0.5R. 
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The differences of the ESP at different z planes are shown in Figure 8. When the monitor is far away 
from the rotor plane, the ESP of all monitors at the different radial positions decrease. When monitors 
are close to the rotor plane, the ESP changes significantly in the radial direction. It increases in places, 
and decreases in others. However, the variation of sound pressure is evident in this case, indicating that 
ice can be detected based on the variation of the blade acoustic characteristics. 
 
Figure 8. Difference of the ESP between clean and iced rotors at different z planes. 
To further analyze the acoustics variations, Figure 9 shows the differences of the ESP at different 
points of the observation area. The data is obtained using the from FWH method using the computed 
effective sound pressure levels on a grid that is then used to produce the colored contours. It is assumed 
that the acoustic monitor can detect changes in sound pressure bigger than 10 Pa. For this iced rotor, as 
long as the acoustic monitor is in the yellow or blue region, ice can be detected. 
 
Figure 9. Difference of the effective sound pressure between clean and iced rotors. 
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In addition, the sound pressure time histories of a typical monitoring position (𝑟 = 0.25𝑅 , 𝑧 =
−0.25𝑅) are given in Figure 10. The difference in the ESP for this position is 15 Pa. As can be seen, the 
main difference of the ESP comes from loading noise, while the thickness noise is almost unchanged. 
Considering the large variation of the aerodynamic characteristics in this case, the acoustic 
characteristics of some iced rotors with shorter ice lengths were also calculated. 
 
(a)       (b) 
 
(c) 
Figure 10. Sound pressure time histories at a typical monitoring position: Loading noise (a); Thickness noise (b); Total 
noise (c). 
 
Acoustic characteristics of iced rotor with different ice amount 
Three rotors with different ice lengths are added to analyze the variation of acoustic characteristics, as seen in 
Figure 11. Rotor A is the previously used iced rotor, and its ice length is 0.3R. The ice length of rotor D is the 
shortest, only 0.033R.  
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Figure 11. Ice lengths used for analysis. 
Table 2 shows the aerodynamic characteristics of the rotors at the same condition, Mtip=0.794, 
Re=3.48×106 and for the collective pitch of 8°. With the decrease in the ice length, the variation of 
aerodynamic characteristics of the rotor decreases. For rotor D, the variation of FM is only 7.69%.  
Table 2. Aerodynamic performance of different iced rotors in hover. 
Aerodynamic characteristics 𝑪𝑻 𝑪𝑸 FM Variation of FM 
Clean 1.10×10-2 1.17×10-3 0.492  
Rotor A 0.61×10-2 1.54×10-3 0.156 -68.2% 
Rotor B 0.91×10-2 1.36×10-3 0.318 -35.4% 
Rotor C 1.04×10-2 1.29×10-3 0.409 -16.8% 
Rotor D 1.06×10-2 1.21×10-3 0.454 -7.69% 
Figure 12 shows the sound pressure time histories of two typical monitoring points with the radial 
coordinate 𝑟 = 0.25𝑅: 𝑧 = −0.25𝑅 and 𝑧 = −0.3𝑅. As seen, the sound pressure of rotor A decreases 
compared with the clean rotor, and the sound pressures of rotors C and D slightly increase. This is more 
obvious on the 𝑧 = −0.3𝑅  plane, because iced rotors with less ice maintain good aerodynamic 
characteristics.  
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(a)        (b)  
Figure 12. Sound pressure time histories of two monitoring positions at r=0.25R: z=-0.25R (a); z=-0.3R (b). 
For rotor B at the considered point (𝑟 = 0.25𝑅: 𝑧 = −0.25𝑅) the ESP level is identical to the clean 
rotor (Figure 12a). The same can be seen in Figures 13 and 14 that show ESP on the 𝑧 = −0.25𝑅 plane, 
and the differences in ESP between various rotors and the clean one. When the ice length is small, the 
ESP decreases near the blade root and increases near the middle of the blade along the radius (R). As 
shown in Figure 10, the variation of the thickness noise is very small due to the formed ice. Therefore, 
the variation of the loading noise is the main reason behind the observed changes in the total sound 
pressure. A piece of ice of small limited length can only change the aerodynamic loading close to its 
location, and so the differences in noise seen for rotor B are small near  (𝑟 = 0.25𝑅, 𝑧 = −0.25𝑅), and 
larger near (𝑧 = 0.25, 𝑧 = −0.3𝑅),as seen in Figure 12. 
 
Figure 13. ESP with different monitoring positions on the z=-0.25R plane. 
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Figure 14. Differences of ESP on the z=-0.25R plane. 
During the early stage of ice accretion, the ice length is normally short. Thus, ice detection for rotors 
with short ice lengths is more important.  
Figure 15 shows the comparison of the ESP between the clean rotor and the iced rotor D, at different 
monitor positions. When the monitor is far away from the rotation plane, the ESP of rotor D is very 
close to the clean rotor. When the monitor is far away from the rotation plane (𝑧 = −0.5𝑅, 𝑧 = −0.3𝑅), 
the ESP of rotor D is very close to the clean rotor and blade the ESP of the iced rotor is higher than for 
the clean rotor. When the monitor position is close to the rotation plane, the ESP of the iced rotor first is 
less than for the clean rotor (at the root part of the blade); for the rest part of blade the ESP of the iced 
rotor is higher in comparison to the clean rotor. To show this, the differences of the ESP at different z 
planes are given in Figure 16. 
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(c)      (d)  
Figure 15. ESP at different monitor positions between clean and D rotors:  z=-0.16R (a), z=-0.25R (b), z=-0.3R (c), z=-
0.5R (d). 
 
Figure 16. Difference of the ESP between clean rotor and rotor D, at different z planes. 
As seen (Figure 16), even if the ice length is very short, the variation of the acoustic characteristics 
of the rotor is still apparent. This indicates that the small variation of the blade shape, at the early stage 
of ice accretion, can be detected by the variation of the blade acoustic characteristics.  
More detailed information about the differences in ESP at different monitoring positions for rotor D 
is presented in Figure 17. In the yellow and green regions, the difference of ESP is too low, and the 
acoustic monitor cannot detect the ice. In the red regions, the ESP increases. As a result, these regions 
are appropriate for monitor installation. Similarly, the blue region is also a good monitoring area, 
although the ESP decreases there. 
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Figure 17. ESP difference at different monitoring positions between the clean rotor, and rotor D. 
Acoustic characteristics of iced rotors with different icing positions 
Two iced rotors with different icing position are added to analyze the influence of the icing position on 
the acoustic characteristics, as shown in Figure 18. The ice length and ice shape of these two iced rotors 
are the same as rotor D, the only difference is the icing position. The icing position of rotor E is from 
0.53R to 0.56R, and that of rotor F is from 0.33R to 0.36R. 
 
Figure 18. Different icing positions used for analysis. 
Table 3 shows the aerodynamic characteristics of the iced rotors at the same condition, Mtip=0.794, 
Re=3.48×106 and collective pitch of 8°. With ice moving to the blade root, the variation of the FM 
decreases. However, the ice accretion has little effect on the aerodynamic characteristics of these three 
rotors.  
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Table 3. Aerodynamic performance of different iced rotors in hover. 
Aerodynamic characteristics 𝐶𝑇  𝐶𝑄  FM Variation of FM 
Clean 1.10×10-2 1.17×10-3 0.492  
Rotor D 1.06×10-2 1.21×10-3 0.454 -7.69% 
Rotor E 1.07×10-2 1.20×10-3 0.461 -6.31% 
Rotor F 1.07×10-2 1.18×10-3 0.468 -4.87% 
Figure 19 shows the ESP of different iced rotors below the rotor plane.  
 
Figure 19. The ESP of different iced rotors below the rotor plane in hover. 
For all rotors considered, the main changes in ESP are concentrated near the blade icing position. 
Since the ice amounts on rotors E and F are very small, the changes of the ESP are not appreciable. 
However, the influence of the icing position on the ESP of the rotor is clear, as shown in the figure. 
The distribution of the differences in ESP between the clean and the iced rotors E and F are shown in 
Figure 20 on a plane below the blade. For rotor E, the obvious variation area (differences greater than 5 
or less than 5 Pa) is from 𝑟 = 0.1𝑅 to 𝑟 = 0.42𝑅 along the radial direction and near the 𝑧 = −0.15𝑅 
plane. For rotor F, the obvious variation area is from 𝑟 = 0.1𝑅 to 𝑟 = 0.3𝑅 along the radial direction 
and near the 𝑧 = −0.2𝑅 plane. Combining with Figure 17, ice can change the ESP in a limited area, and 
this area is from the blade root to the icing position along the radial direction. 
Effective sound 
pressure/Pa
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(a)       (b)  
Figure 20. The difference of ESP between iced rotors and clean rotor: rotor E (a), rotor F (b). 
For comparison purposes, the absolute values of the difference of the ESP between these iced rotors 
and the clean rotor on the 𝑧 = −0.16𝑅 plane are given in Figure 21. The actual pressure values are 
given so that the magnitude of the differences to be detected by potential sensors on the helicopter 
fuselage is evident. As can be seen, when the icing position is closer to the blade tip, such as for rotor D, 
the region of the ESP variation is larger. When the icing position is closer to the blade root, such as for 
rotor F, the region of the ESP variation is small. 
 
Figure 21. The difference in the ESP between these iced rotors and the clean rotor on the z=-0.16R plane. 
In addition, the comparisons of the total sound pressure time histories at four monitoring positions on 
the 𝑧 = −0.16𝑅 plane are given in Figure 22. At 𝑟 = 0.1𝑅, the sound pressure time histories of rotor F 
and the clean rotor are nearly the same, while there are obvious changes for rotors D and E. Then, the 
changes for rotor F are evident at 𝑟 = 0.2𝑅 , and decrease at 𝑟 = 0.3𝑅.  There are no appreciable 
differences between rotor F and the clean rotor.  
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(a) 
 
(b) 
 
(c) 
Figure 22. The comparison of total sound pressure time histories at three monitoring positions on the z=-0.16R plane: r=0.1R 
(a), r=0.2R (b), r=0.3R (c). 
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As a result, through the variations of the sound pressure at different monitoring points, the icing 
position can be detected, especially if several monitors are used. Since the fuselage shapes differ 
between helicopters, it is assumed that the fuselage is a simple hemisphere with a radius of 0.3R and a 
half cylinder with a radius of 0.125R. 
In Figure 22, the icing positions of rotors D, E and F are different, but their ice lengths are the same. 
As seen, when the monitoring position is 0.1R, the variation of rotors D and E are larger, since the ice is 
closer to 0.1R than for rotor F. The sound pressure of rotor D decreases, and that of the rotor E increases. 
This is because the changes of their aerodynamic loadings are different. The sound pressure of Rotor F 
is closer to the clean rotor, because the ice, which is near 0.7R, has a small influence on the air loads. In 
Figure 22(c), there are small variations of the sound pressure near the middle of the plot. This is due to 
the differences in the peak values of the thickness and loading components of the noise. 
Based on the above, a monitor array located on the surface of the fictitious fuselage is used to detect 
potential icing on the blades. The monitors are distributed on the surface of the imaginary fuselage, and 
the coordinates are also given in Figure 23(a). Figure 24(b) shows the calculated result at these monitors 
for different iced rotors. As seen, there is significant variation of the ESP obtained from each monitor 
(A-F) and for each blade (D-F). 
 
(a)                                                  (b) 
Figure 23. The ice detection using by the monitor array: relative position (a), monitor array (b). 
For this hovering case, an assumption is made that the sensitivity of the monitors is greater than 5 Pa. 
Figure 24 shows the monitoring result transformed from Figure 23(b) and the relationship between the 
monitor array (with/without activation) and the icing position. As seen, for rotor D (with icing position 
is 0.7R), the monitors are all activated. For rotor E (icing position is 0.5R), the monitors D and E are 
activated. For rotor F (icing position is 0.3R), monitors A, B and C are activated. Actually, if the ice 
length is longer than 0.03R, all monitors are active. Since a long ice piece near the blade root may have 
the same effect on the sound pressure as a short ice piece near the blade tip, it is difficult to obtain the 
icing position and ice length at the same time from the monitor array. 
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However, regardless of the influence of the ice length, a potential icing position can be still obtained 
from the monitor array. For this case, if monitors (D, E and F) are not activated, ice may not be detected 
on the blade from 0.3R to the blade tip. If monitors (A, B and C) are not activated, ice may not be 
detected on the blade from the blade root to 0.3R section. If monitor F is not activated, ice may not be 
detected on the blade from 0.5R to the blade tip. If all monitors are activated, ice can be detected 
anywhere on the blade. If the number of monitors in a monitor array is larger, a more accurate potential 
icing position will be obtained. 
 
Figure 24. The ice detection result obtained from the monitor array. 
Acoustic characteristics of rotors in forward flight with a short ice shape 
UH-60A rotors with and without ice are also computed in forward flight. Figure 25 shows the 
comparison of the sectional lift coefficients of the clean rotor with experiment data at Mtip=0.642 and 
μ=0.368. As can be seen, the numerical results are in good agreement with experiments24. 
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(a)        (b)  
Figure 25. Sectional lift coefficient of the UH-60A rotor in forward flight: r=0.675R (a), r=0.865R (b). 
Two iced rotors with different icing position are also computed to analyze the influence of ice on the 
acoustic characteristics in forward flight. The ice length and ice shape of these two iced rotors are the 
same, as shown in Figure 26. The icing position of rotor G is from 0.594R to 0.606R, and that of rotor H 
is from 0.694R to 0.706R. 
 
Figure 26. Different icing positions used for analysis in forward flight case. 
Figure 27 shows the sectional lift coefficient of the UH-60A rotor with and without ice in forward 
flight. At 𝑟 = 0.5𝑅, there is no difference between the clean and iced rotors. At 𝑟 = 0.6𝑅, there is an 
obvious difference between rotor G and the clean rotor, while there are no appreciable differences 
between rotor H and the clean rotor. At 𝑟 = 0.7𝑅, there is an obvious difference in the range from 60° to 
270° of azimuth angles between rotor H and the clean rotor. Figure 28 presents the sectional torque 
coefficient of the UH-60A rotor with and without ice in forward flight. It can be seen that the small ice 
can only change the loading in a limited region along the spanwise direction, and the loading differences 
are too small for the overall rotor. So, in this case, ice is difficult to be detected by the variation of the 
aerodynamic characteristics. 
 
(a)      (b)       (c)  
Figure 27. Sectional lift coefficient of the UH-60A rotor with and without ice in forward flight: r=0.5R (a), r=0.6R (b), r=0.7R (c). 
The difference of the ESP between the clean UH-60A rotor and rotor G is shown in Figure 29. The 
monitoring area is in a range from 0.15R to 0.48R along the radial direction and from -0.1R to -0.4R 
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along the vertical direction. As seen in the figure, the difference of ESP is strong enough to be used for 
ice detection, and the acoustic characteristic variations are different around the azimuth, unlike hover. 
 
(a)      (b)       (c)  
Figure 28. Sectional torque coefficient of the UH-60A rotor with and without ice in forward flight mode: r=0.5R (a), r=0.6R (b), 
r=0.7R (c).  
 
Figure 29. Difference of the ESP of the clean UH60A rotor and rotor G. 
To clarify, Figure 30 shows the difference of the ESP at different z planes between the clean rotor 
and rotor G. The difference of the ESP is larger in a range from 90° to 270° of azimuthal angle. When 
the monitor is far away from the rotor plane (from 𝑧 = −0.1𝑅 to 𝑧 = −0.3𝑅), the difference of the ESP 
decreases. Additionally, Figure 31 shows the difference of the ESP at different y planes between a clean 
rotor and rotor G. Compared with the difference at the 180° of azimuth angle, the variation of the ESP is 
smaller and less violent at 0° azimuth. 
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Figure 30. Difference of the ESP at different z planes between clean rotor and rotor G. 
 
Figure 31. Difference of the ESP at different y planes between clean rotor and rotor G. 
Based on the above, Figure 32 shows the differences in ESP at 0° of azimuth angle between the iced 
and clean rotors. As seen, the difference of the ESP of rotor H is greater than the rotor G, since the icing 
positions are different. 
 
Figure 32. Difference of ESP at different y planes between clean rotor and rotor G. 
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Finally, the monitor array (shown in Figure 23) is used to detect potential icing position on the UH-
60A rotor in forward flight. Figure 33 shows the ice detection results obtained from the monitor array. 
 
Figure 33. Difference of the ESP obtained from the monitor array. 
Considering that the loading is much greater than that in the hover case, the difference of the ESP is 
also greater. For this forward flight case, an assumption is given that the monitors have a sensitivity of 
50 Pa. Based this assumption, Figure 34 shows the potential icing position detected from the monitor 
array. For this case, monitors (A, B and F) are not activated, and this means that ice may not be detected 
from the blade root to 0.3R and from 0.7R to the blade tip. If monitors (A, B) are not activated, ice may 
not be detected from the blade root to 0.3R. Obviously, the potential icing positions obtained from the 
array are consistent with the real icing position of rotors G and H. 
 
Figure 34.  Ice detection result obtained from the monitor array for UH-60A rotor in forward flight. 
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Conclusion 
The aero-acoustic characteristics of rotors are greatly influenced by ice accretion. Overall, the effect of 
ice on the acoustics increases with the decrease of the vertical distance of the microphone, and slightly 
increases with the increase of the radial distance. The variation of the thickness noise will be small if the 
volume of the formed ice on the blade is small. In addition, this work shows that ice on rotors can be 
detected at certain microphone positions near the rotor plane. If the ice length is short, the sound 
pressure will only change in a limited region along the blade radius. The current simulations also show 
that if ice is formed near the blade root, the signal captured by monitors located closer to the blade root 
changes, while monitors near the blade tip are ineffective. Through variations of the sound pressure at 
different monitoring points, the icing position on the rotor can be detected, especially if several monitors 
are used. 
Aiming towards a practical implementation, a given monitor array distributed on the surface of the 
fuselage, a potential icing position on the blade can be obtained. The array of microphones should be 
located on top of the helicopter rear fuselage and along the tail-boom.  
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